The objectives of this study were to determine if psychosocial stress impairs dilation through endothelium-derived relaxing factor (EDRF)-mediated mechanisms and if this effect is long lasting. Monkeys were fed an atherogenic diet for 36 mo while in one of three experimental conditions: (a) stable social groups ("unstressed," n = 6); (b) unstable social groups for the first half of the experiment and stable groups for the second half ("early stress," n = 8); and (c) stable groups for the first half of the experiment and unstable groups for the second half ("late stress," n = 6). Iliac arteries were studied in organ chambers containing Krebs' buffer and 10' M indomethacin.
Introduction
Patients with coronary artery atherosclerosis are prone to the development of vasospasm, particularly at sites of coronary artery stenosis ( 1) . Vasospasm, in turn, may contribute to the pathogenesis of myocardial ischemia and infarction ( 1-3). It has been shown in both human beings and monkeys that atherosclerosis may predispose arteries to vasospasm by impairing endothelium-mediated dilation and augmenting constriction of arteries (4) (5) (6) .
A portion of this paper was presented at the 65th Scientific Sessions of the American Heart Association, 16-19 November 1992 and Coronary artery reactivity, however, is affected by factors other than the extent of atherosclerosis. For instance, acute stress in people (7) and chronic stress in monkeys (8) impair endothelium-mediated dilation ofcoronary arteries. The effect of stress on vasomotion is not surprising, as mental stress in patients with coronary artery disease can trigger transient myocardial ischemia and regional flow disturbances (9, 10) .
In previous studies, acetylcholine was used to test endothelium-mediated dilation of coronary arteries (4, 7, 8) . It remains unclear, however, if stress impairs endothelium-mediated dilation indirectly through alteration of muscarinic receptors or directly through endothelium-derived relaxing factor (EDRF) '-mediated mechanisms. Furthermore, it is unknown if the effects of stress on vascular reactivity can be reversed by removing the stress.
The current study was designed as an interventional trial where cynomolgus monkeys (Macacafascicularis) fed an atherosclerotic diet were housed in one of three conditions: (a) stable social groups (no psychosocial stress); (b) unstable social groups during the first half of the experiment and stable social groups during the second half of the experiment (early psychosocial stress), or (c) stable social groups during the first half of the experiment, but disruption of social groups during the second half of the experiment (late psychosocial stress). The study's three objectives were to determine: (a) the effects ofpsychosocial stress on endothelium-mediated dilation ofatherosclerotic arteries; (b) if the effect of stress on endotheliummediated dilation is mediated through EDRF activity; and (c) ifprevious psychosocial stress (early stress) has a residual effect on endothelium-mediated dilation of atherosclerotic arteries.
Methods
Experimental design. 20 adult male cynomolgus monkeys (Charles River Research Breeding Laboratories, Inc., Wilmington, MA) were used in this study. The 20 monkeys were a part ofa larger study involv In previous studies as well as the current experiment, the group membership of the psychosocially "stressed" monkeys was altered at monthly intervals by redistributing animals among social groups (within each experimental category) such that each monkey was housed with four different monkeys after each reorganization. We have shown previously that a monthly schedule of social distribution alters affiliative and aggressive behavior ( 1 1, 12), impairs endothelium-mediated dilation of coronary arteries (8) , and significantly exacerbates coronary artery atherosclerosis ( 13) . Monkeys housed in stable social groups did not undergo redistribution of group membership. The behavioral repertoire of macaques living in small groups has been described by ourselves and others (11) (12) (13) (14) . The social behavior of all animals was recorded three times per week in 30-min sessions using a laptop computer (Tandy TRS 80, model 100; Radio Shack, Fort Worth, TX) ( 15) . During these samples, technicians recorded all incidents of fighting, play, grooming, and passive body contact. Technicians also recorded the activities ofall animals at predetermined times, allowing estimates to be made of the percentage of time each animal engaged in particular behaviors. Observations were balanced across experimental conditions and for the time of day of sampling.
Cardiovascular and blood parameters. Venous blood samples were obtained and blood pressure and heart rates measured from sedated monkeys (ketamine hydrochloride, 10-15 mg/kg intramuscularly) at 3-mo intervals. The monkeys were sampled in the morning after an overnight fast. Values reported in this study were determined from the blood sample taken at the time of angiography. TPC was measured by the methods of Allain et al. ( 16) and HDL cholesterol by standardized methods ( 17) . Blood pressure and heart rate determinations were measured with a Dinamap Research monitor (1245 or 1255; Critikon, Tampa, FL). This method has been validated for indirect measurements of blood pressure and heart rate in cynomolgus monkeys ( 18) .
Vessel bath experiments. Vascular responses were measured using the common iliac artery removed from the monkeys before necropsy. The left common iliac artery was identified and carefully dissected from connective tissue. The artery segment was removed and placed in cold Krebs' buffer for transport to the laboratory. Approximately 25 min elapsed between removal of the artery segment and mounting of the ring segments in the vessel bath. Six ring segments (2 mm in diameter) were cut from one common iliac artery and mounted in a 25-ml bath containing Krebs' buffer solution equilibrated with 95% oxygen and 5% carbon dioxide and temperature controlled at 380C. The techniques and apparatus used to measure vascular responses of monkey iliac arteries using vessel baths have been described previously ( 19) . All vessels were studied in the presence of 10 -6 M indomethacin to prevent activation of the cyclooxygenase system. The resting length of each segment was adjusted so that tension development to 100 mM potassium chloride was optimized.
Measurement ofvascular responses. After preconstriction from 1 to 3 ,um with prostaglandin F2.,,,dilation (defined as percent reduction in preconstricted tension) was measured in response to receptor-mediated release of nitric oxide (acetylcholine lI--l0-4 M), non-receptor-mediated release of nitric oxide (the calcium ionophore A23187 10-'0-10-6 M), and endothelium-independent dilation (nitroprusside l0-9-l0-4 M). Dilator responses to acetylcholine and A23187 were measured before and 40 min after addition of blockade of nitric oxide synthase (N0-methyl-L-arginine l0-5 M).
Measurements of coronary artery atherosclerosis. Monkeys were euthanized with sodium pentobarbital (80 mg/kg intravenously) after removal ofthe iliac artery used for vascular responsiveness studies. The cardiovascular system was then flushed with normal saline and perfused with 10% neutral buffered formalin at a pressure of 100 mmHg for 1 h. 
Results
Plasma lipids, heart rate, blood pressure, and atherosclerosis extent. There were no significant effects of treatment (early or late stress) on TPC (F = 0.567), HDL cholesterol (F = 0.425), resting blood pressure (F = 0.610), resting heart rate (F = 0.715), or intimal area (F = 0.988) (for all, P > 0.25) ( Table I) .
Social behavior. Animals in the early and late stress conditions exhibited significantly higher rates of contact aggression and spent more time alone anxiously scanning the environment compared with the animals in the unstressed condition (z test, P < 0.005). Their behavioral differences between conditions (stress, unstressed) were only observed during the period ACETYLCHOLINE of chronic stress (i.e., after removal of the stress, behavior of the monkeys in the stress condition was similar to that observed in the unstressed condition). Vascular responses. There was no effect oftreatment (early or late stress) on dilator response to nitroprusside among groups of monkeys (F = 0.356, P = 0.22, Fig. 1 ). There was, however, an effect of treatment on dilator responses to acetylcholine (F = 3.54, P = 0.03, Fig. 2 ) and A23187 (F = 4.41, P = 0.0001, Fig. 3 ). Post hoc analysis revealed that the vascular responses to acetylcholine and A23 187 were similar in arteries from monkeys in the late stress and unstressed groups (P > 0.05). However, arteries from monkeys in the late stress groups had impaired endothelium-mediated dilation (shifted dose-response curve down and to the right) compared with the other two groups (P < 0.05). Incubation of artery segments with N0-methyl-L-arginine eliminated significant treatment effects on vascular response to acetylcholine (F = 0.892, P = 0.36, Fig. 4 ) and A23187 (F = 0.340, P = 0.72, Fig. 5 ). NG-methyl-L-arginine inhibited dilation to acetylcholine and A23 187 in the unstressed condition (P < 0.05), but not in the early or late stress conditions (P > 0.05).
Discussion
The three major findings of this study were that (a) psychosocial stress impairs endothelium-mediated dilation though receptor (acetylcholine)-and non-receptor-mediated (A23 187) mechanisms; (b) the effect of stress on endothelium-mediated dilation is mediated through EDRF mechanisms, since it occurs in the presence of both indomethacin and A23 187, but is blocked by N0-methyl-L-arginine; and (c) endothelium-mediated dilation is impaired by concomitant, but not previous, chronic stress.
Results ofthe present experiment support those ofprevious experiments demonstrating that psychosocial stress impairs en- dothelium-mediated dilation both ofcoronary arteries of monkeys during regression of atherosclerosis (8) and of patients with suspected coronary heart disease (7) . In these studies, the effects of psychosocial stress on endothelium-mediated dilation were tested with intracoronary infusions of acetylcholine, which activates muscarinic receptors and the release of EDRF (20, 21 ) . Results of the present study extend the findings of previous studies by showing that the effects of psychosocial stress on endothelium-mediated dilation: (a) are not dependent on muscarinic receptors, because A23187 has the same effect; (b) are mediated through EDRF mechanisms, since effects are inhibited by NG-methyl-L-arginine; and (c) are not mediated through products produced by the cyclooxygenase pathway, because stress effects occurred in the presence of indomethacin. Furthermore, these data suggest that previous stress does not have lasting effects on endothelium-mediated dilation, as monkeys in the early stress condition had endothelium-mediated dilator responses similar to those of the unstressed group.
The mechanisms by which psychosocial stress impairs EDRF activity remain unclear. Results of the present experiment indicate that plasma lipids and atherosclerotic plaque size are not the determining factors that alter vascular responsiveness; however, the numbers of animals in each group were small. Larger numbers may, or may not, have determined whether the trend toward more atherosclerotic plaque in the late stress condition was significant. If so, then plaque extent may have been a determinant of vascular reactivity.
Social disruption of monkeys in the short term causes a modest increase in heart rate and damage to the vascular endothelium, both ofwhich can be reduced by blockade of #-adrenergic receptors (22) . Monkeys housed in unstable social groups may have repeated acute episodes of sympathetic stimulation during confrontations with other animals. Similarly, significant increases in catecholamine secretions, blood pressure, and heart rate occur during laboratory-induced mental stress (23, 24) . Repeated episodes ofacute sympathetic stimulation result in sharp increases in blood pressure and heart rate, which may damage the vascular endothelium and impair the release or augment the breakdown of EDRF.
Results of previous studies indicate that EDRF production in atherosclerotic arteries is similar to that of normal arteries (25) . On the other hand, breakdown of EDRF is augmented in atherosclerotic arteries, possibly by exposure of EDRF to oxygen radicals (26, 27) . It is unclear from the present study if psychosocial stress impairs EDRF activity through decreased release or increased breakdown of EDRF. However, preliminary data indicate that shear stress (which is altered during episodes ofincreased sympathetic arousal) changes EDRF production (28) . Therefore, it is reasonable to speculate that chronic stress may downregulate EDRF production. This hypothesis is consistent with our observation that current, but not previous, stress impairs endothelium-mediated arterial dilation.
Limitations ofthe study. The present experiment used iliac arteries studied in vessel baths, whereas previous experiments have used coronary arteries studied in vivo (7, 8) . The effect of stress on vascular responses may differ at various arterial sites because of different hemodynamics and arterial receptor number and function. However, the effect of stress on endothelial damage is similar in coronary and iliac arteries (22) . Furthermore, in the current study, the effect of stress on endotheliummediated dilation in iliac arteries was receptor independent. Therefore, it is reasonable to speculate that similar results would have occurred if coronary arteries had been used in the present experiment.
Conclusions. Results of the present study indicate that psychosocial stress impairs EDRF activity and that previous stress may not have a lasting effect on vascular reactivity. Such data may be of considerable importance in helping to resolve the current uncertainty regarding the role of psychosocial stress as an independent risk factor on the pathogenesis of coronary heart disease in human beings.
